Membrane-bound and membrane-associated proteins are difficult to analyze by mass spectrometry since the association with lipids impedes the isolation and solubilization of the proteins in buffers suitable for mass spectrometry and the efficient generation of positively charged peptide ions by electrospray ionization. Current methods mostly utilize detergents for the isolation of proteins from membranes. In this study, we present an improved detergent-free method for the isolation and mass spectrometric identification of membrane-bound and membrane-associated proteins. We delipidate proteins from the membrane bilayer by chloroform extraction to overcome dissolution and ionization problems during analysis. Comparison of our results to results obtained by direct tryptic digestion of insoluble membrane pellets identifies an increased number of membrane proteins, and a higher quality of the resulting mass spectral data.
Introduction
Membrane proteins play a vital role in numerous cellular functions. The integral membrane proteins act as receptors, channels, and are involved in cell adhesion and signaling, whereas peripheral membrane proteins are primarily involved in cell signaling.
About 30% of the mammalian genome encodes integral membrane proteins (14) .
However, the comprehensive proteomic analysis of these proteins by mass spectrometry is difficult due to their amphipathic nature (11) . Membrane proteins are composed of both hydrophilic and hydrophobic regions, and they behave more like lipids than proteins due to their association with lipid bilayer in the membrane. Hence extraction, solubilization and characterization by mass spectral analysis has been a major challenge (11) .
Numerous studies have attempted to improve the efficiency of membrane proteomics (2, 3, 6, 8, 10, 16, 18, 19) . Traditionally, gel-based methods have been used for analysis of complex protein samples (10, 11) . Unfortunately, most of the membrane proteins are not solubilized in non-detergent isoelectric focusing sample buffers, and those solublized tend to precipitate at their isoelectric point (11, 18) . The problem of insolubility remains the same in methods using liquid chromatography coupled to mass spectrometry. Several approaches have attempted to overcome this problem by using either strong organic acid-cyanogen bromide(16), detergents (8) , acid labile surfactants (19) , organic solvents (2, 3, 6) , salts or high pH conditions (17) to solubilize membrane proteins. Though these methods proved to be efficient, they have other disadvantages. The presence of detergents affects the performance of chromatographic separation and also leads to mass spectral signal suppression. Most common proteases like trypsin cannot be used for digestion of proteins when organic acids are used due to Page 3 of 27 low pH conditions, or the enzyme activity is reduced in presence of high percentage of organic solvents. In high pH based methods, proteinase K is used which cleaves proteins non-specifically at random amino acid sequences. In addition, all methods described above require extensive sample handling to make the sample compatible for mass spectral analysis. No optimal approach has been developed, and there remains a need for simpler and more efficient methods of extraction of membrane proteins. The major obstacle is the lipid bilayer in which proteins are embedded, and in most of the studies reported, lipids are also extracted in the membrane protein fraction. As a consequence of these difficulties, proteomic analyses of membrane protein fractions have relied on gelbased methods. These efforts have demonstrated that delipidation of membrane proteins by organic solvents improves the performance of two-dimensional electrophoresis (2 DE) of the proteins (12, 13, 20) .
In this study, we developed a novel approach to delipidate membrane proteins by a simple and efficient chloroform extraction. The proteins devoid of lipids are efficiently solubilized in urea/ammonium bicarbonate buffer suitable for subsequent tryptic digestion and mass spectral analysis. We report in this study that, following our method of extraction, there is a significant improvement in the number of membrane proteins identified, and the proteins are identified with high accuracy and confidence. Based on these results, the new method, for the first time, provides the necessary experimental tools for a comprehensive mass spectrometric analysis of membrane-bound and membrane-associated proteins in cells and tissues. supplemented with protease inhibitor cocktail), and homogenized using a 23G needle fixed to a 1 ml syringe. The cell lysate obtained was made up to 15 ml in a centrifuge tube with isolation buffer. First, soluble proteins were separated out into the supernatant by centrifuging at 7,000 x g for 10 min. The remaining cell pellet was re-suspended in 15 ml of isolation buffer containing 0.1% bovine serum albumin, and spun at low speed (800 x g) for 10 min. The resulting pellet contained the insoluble protein fraction, leaving smaller cellular organelles in the supernatant.
Delipidation of membrane proteins and sample preparation for MS
The insoluble protein fraction (approximately 100 µg; as measured by micro BCA assay) was incubated in 1ml chloroform on a shaker at room temperature for one hour. To this, 1ml of methanol/water (1:1 v/v) was added and the mixture was vortexed vigorously for 30 min. The mixture was spun at 2000 x g for 1 min and the chloroform layer was discarded. Another 1 ml of chloroform was added in order to further extract lipids. The mixture was sonicated in a bath sonicator for 30 min without heating. Ice cold water was added at regular intervals to prevent heating due to continuous sonication. The mixture was then spun at 10,000 x g for 5 min. The chloroform layer was discarded since direct mass spectral analysis of proteins extracted in this layer is poor due to enrichment of 
Nano-LC-ESI mass spectrometry
The membrane protein digest was analyzed using an ion trap LTQ mass spectrometer interfaced with a nano-LC system. This sample was loaded through an autosampler onto a C 18 The MS data obtained were searched using the SEQUEST algorithm against Uniprot Rodent database v49.1. The search was limited to only tryptic peptides, and identifications were filtered from the search results using the Epitomize program (7).
Epitomize reads all the SEQUEST.out files in a directory, filters the files based on userdefined levels of Xcorr, and outputs the proteins identified. The Xcorr versus charge state filter used was set to Xcorr values of 1.8, 2.3 and 3.0 for charge states +1, +2 and +3, respectively. These filter values are similar to others previously reported for SEQUEST analyses (15). Protein hits that passed the filter were annotated using the generic GO slim. The dynamic visualization of the protein hits was carried out using Treemap (University of Maryland) to determine the cellular localization of the proteins identified.
All proteins were identified by two or more peptides, and those identified with single peptide were included in the analysis if identified in two or more scans. Finally, the peptides listed were manually verified for correct identification by comparing the experimental spectra with the theoretical b and y ion spectra.
In order to estimate the false discovery rate (FDR) for protein identification, we applied the method outlined by Elias et al. (5) . The analysis utilized a customized version of the rodent subset of the UniProt 49.1 protein sequence database containing both randomized and unrandomized versions of each sequence using the decoy.pl script made available by Matrix Science. Data from a representative LC-MS/MS run was searched against this database using Sequest, and the search results were filtered and scored using the Epitomize program. Protein hits were ranked by score and the cumulative frequency of hits to randomized sequences was determined for each score value. Since it is expected that the frequency of false hits to randomized sequences will be equal to the frequency of false hits to unrandomized sequences, we calculated the FDR as twice the frequency of false hits to randomized sequences. The same approach was applied to all other samples since the other LC-MS/MS runs were very similar and searched against the same parent database.
Results

Protein Identification
Membrane proteins are extremely difficult to analyze by mass spectrometry due to their hydrophobic nature. The major challenge is their low solubility in aqueous media that are typically used for tryptic digestion before mass spectral analysis. Hence we developed a method of lipid extraction to improve solubilization and tryptic digestion of membrane proteins compatible with mass spectral analysis. In this study, we carried out experiments using the insoluble protein fraction obtained by differential centrifugation from rat vascular endothelial cell lysate separating the soluble proteins and smaller organelles.
The insoluble protein pellet contains most of the cell membrane, the nucleus, and larger organelles. In our approach, the protein pellet was chloroform extracted for delipidation of proteins before tryptic digestion. The tryptic peptides were analyzed by nano-LCtandem mass spectrometry.
Our method of analysis unambiguously identified 936 proteins when searched against the Uniprot Rodent database v49.1 using the SEQUEST algorithm. Of these, 401 (43%) proteins were found to be membrane-associated (integral to membrane and membrane) as annotated by the generic GO slim. The list of membrane-associated proteins identified by our analysis is provided in the supplementary material (supplementary table 1 ).
When an equal aliquot of the insoluble protein fraction was analyzed under similar experimental conditions but without chloroform extraction, only 745 proteins were identified, of which only 112 (15%) were found to be membrane-associated. Of the 112 proteins identified without delipidation, 76 were also identified by our new method (Figure 1) . However, an additional 325 membrane-associated proteins were identified by performing our method of delipidation by chloroform extraction, thereby increasing the fraction of membrane-associated proteins from 15% to 43% of the total proteins identified. Also, the total proteins identified was improved by 26% (745 to 936 proteins) upon chloroform extraction of protein before tryptic digestion and mass spectral analysis, and 432 (58%) proteins overlap between the two experiments.
Cytoskeletal proteins were not included in the membrane-associated proteins listed, as most of them are easily identified even without any special treatments.
Cytoskeletal proteins like actins or tropomyosin are commonly identified in every subcellular fraction analyzed by mass spectrometry, as observed in our experiments. A total of 63 cytoskeletal proteins were identified in our membrane protein fraction extracted with chloroform before trypsin digestion and mass spectral analysis that were also identified in the soluble protein fraction (data not shown). In total, 510 proteins were uniquely identified only in the insoluble fraction of the cell lysate, and were not identified by the mass spectral analysis of the soluble proteome.
Data Accuracy
All proteins listed were identified by multiple peptides or multiple scans as discussed in the experimental section. After chloroform extraction, proteins were identified with higher confidence compared to those without extraction. This is illustrated by the Xcorr value obtained, and the number of scans and peptides identified per protein (Figure 2) . Table 1 lists membrane-associated proteins that were identified in both the experiments for all three parameters ( Table 1) .
The FDR was calculated by searching the data against a custom decoy database (5) . Here, 738 out of 936 proteins identified after delipidation have a FDR of 0.5 or less.
Proteins that have FDR > 0.5 were manually verified for correct identification by comparing experimental spectra with the theoretical b and y ion spectra.
Discussion
Most of the methods for sample preparation of membrane proteins that have been developed over the past several years are not compatible with mass spectral analysis. This is due to the use of high concentrations of organic acids (16), detergents (8) , which affect the enzymatic digestion or chromatographic processes, or the use of high amounts of salts causing ion suppression effects in mass spectral analysis (18) .
In the method using high concentrations of organic acids, membrane proteins are solubilized in 90% formic acid and cleaved in presence of cyanogens bromide (16). The larger fragments are further digested using endoproteinase LysC and trypsin, followed by mass spectral analysis. In this method, cyanogen bromide is used for the initial cleavage of proteins as trypsin cannot be used under highly acidic conditions. Also, care is required to handle cyanogen bromide which is highly toxic. In another study, the membrane-enriched microsomal fraction was solubilized by boiling in 0.5% SDS (8) .
The sample then needed to be diluted further to reduce the SDS concentration to make it compatible to tryptic digestion, and additional chromatographic steps were required for sample clean up before mass spectral analysis. Blonder et. al reported a detergent-and cyanogen bromide-free method for integral membrane proteomics, using 60% methanol to solubilize the protein before tryptic digestion (2) . Although the method is efficient in solubilizing the protein, trypsin activity is reduced under these conditions. Alternatively, Wu et al. developed a method for comprehensive proteomic analysis of membrane proteins using high pH conditions to produce membrane sheets and proteinase K, resulting in sequence-independent cleavage of proteins (17) . In another study, acid labile surfactants were added to improve the solubility of membrane proteins (19) . Though trypsin activity is not altered in presence of these surfactants, chromatographic performance is affected. Hence, the sample needs to be acid hydrolyzed to remove these surfactants before mass spectral analysis. Recently, R. Cao et. al published a two-phase partition method for the analysis of membrane proteins (4) . The method utilizes sucrose density centrifugation in conjunction with an aqueous two-phase partition method for plasma membrane isolation. The enriched plasma membrane proteins are then separated by SDS-PAGE followed by mass spectral analysis. They achieved an identification of 204 (48%) membrane-associated proteins (including cytoskeletal proteins) of the 428 proteins identified, but the method involves various enrichment and extraction steps before mass spectral analysis making it very tedious and time consuming.
To overcome the complexity of these methods, we developed an efficient and facile method for membrane proteomics, where we separated the proteins from lipid layers to improve the efficiency of enzymatic digestion. We developed a simplified solvent extraction method to separate proteins from the lipid bilayer in the membrane where the lipids are extracted into chloroform due to their high affinity to non-polar solvents. By performing only a few simple extraction steps, we achieved an improved identification of 401 membrane-associated proteins out of 936 total proteins identified. (Table 1) .
Despite the sonication and vortexing during delipidation, we do not observe an increased fragmentation of proteins. We do not find an increased number of non-tryptic peptides identified by mass spectrometry in the chloroform extracted sample. shown increased applicability of delipidated proteins in 2 DE, the study did not aim to identify the separated proteins and classify them into membrane-bound or membraneassociated proteins using mass spectrometry. Our manuscript, for the first, time, provides a detailed protocol for the preparation of membrane-bound proteins for mass spectrometric analysis. The data presented here clearly illustrate the improved identification of membrane proteins, and the increased confidence in the mass spectrometric data when compared to standard mass spectrometric techniques commonly used.
As our method involves use of only a few solvent extraction steps, there is no need to perform any additional sample cleaning steps prior to mass spectral analysis. As a result, there is minimal sample loss during the sample preparation. In addition to being a simple, fast, and inexpensive method of extraction, the approach improves the protein identification with higher confidence in the characterization of proteins identified.
Supporting Information
A complete list of all the membrane-associated proteins identified from the delipidated insoluble protein fraction of vascular endothelial cells of rat is provided in supplementary 
